Abstract-Effects of verapamil on electrophysiological alterations induced by lysophosphatidylcholine (LPC), a toxic membrane-derived phospholipid potentially responsible for ischemia-induced arrhythmias, were evaluated in canine Purkinje fibers. LPC (10-160 ,aM) induced concentration-dependent decreases in resting membrane potential, action potential amplitude and maximum upstroke velocity of phase 0. The depolarization was not associated with the reduction of the po tassium equilibrium potential, which was calculated from the intracellular potassium ion activities measured by ion-selective electrodes.
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A graded increase in LPC concentration invariably induced abnormal automaticity arising from depolarized membrane potentials.
Although verapamil did not prevent LPC-induced changes in action potential characteristics, it suppressed the appearance of rapid spon taneous activity at reduced membrane potential.
These results suggest that verapamil may modify the dysrhythmias induced by LPC in ischemic myocardium.
In recent years, much interest has been expressed in the arrhythmogenic role of lysophosphoglycerides, toxic membrane derived phospholipids, during acute myocardial ischemia (1, 2) . It has been shown that lysophosphoglycerides ac cumulate in ischemic myocardium to an extent sufficient to exert electrophysiologicaI abnormalities such as reduction of the maxi mum diastolic potential and the maximum upstroke velocity of phase 0, shortening of the action potential duration, and appearance of slow responses and abnormal automaticity in isolated cardiac tissues (1) (2) (3) . However, few studies regarding pharmacological inter ventions, which can influence the electro physiological disturbances induced by lysophosphoglycerides, have been reported. We have recently demonstrated that verapamil inhibits the rapid irregular rhythm induced by lysophosphatidylcholine (LPC), one of the major lysophosphoglycerides, in Langendorff perfused rabbit hearts (4). Therefore, in order to gain more insight into the underlying mechanism of the protective effect against LPC-induced dysrhythmias, we examined effects of verapamil on the LPC-induced electrophysiological abnormalities, especially on abnormal automaticity, in canine Purkinje fibers. In the previous in vitro study (4), LPC perfusion also induced potassium efflux from rabbit hearts. If LPC causes the potassium efflux from cardiac cells, it may explain the LPC-induced depolarization. Another pur pose of the present study was to determine whether the LPC-induced depolarization is accompanied by the decrease in the potassium equilibrium potential using potassium ion selective electrodes. Robinson and Stokes (6) and Shedlovsky (7), and those for Tyrode solution were calculated using the equation of Pitzer and Mayorga (8). Intracellular potassium ion activity (a') was calculated using the following equation: ah=(ah+kK-Naa a) xexp (VKE/S-Vm/S) where aK and a1a are extracellular potassium and sodium ion activities, VKE is the change in potential upon impalement with the KISE, and Vm is the transmembrane potential measured with the conventional micro electrode. Measurements were rejected if either the selectivity coefficient determined at the end of the experiment exceeded a value of 0.05 or the electrode was dislodged during the experiments.
Materials and Methods
LPC solution and drugs: Since it has been reported that palmitoyl and stearoyl lysophosphatidylcholine are the major molecular species of LPC in the normal and ischemic myocardium (9), I-a-lysophos phatidylcholine from egg yolk (Sigma) containing mainly both palmitoyl and stearoyl LPC was used in the experiments. LPC was dissolved in chloroform and the solvent was evaporated on the wall of a round flask at 40°C. The modified Tyrode solution was added to the flask to make a LPC concentration of 2 mg/ml. The mixture was dispersed by a vortex mixer and then sonicated under a stream of N2 gass in a cold water bath. Just prior to use, LPC was diluted to the oxygenated Tyrode solution to achieve desired concentrations (from 5.1 mg/L to 81.6 mg/L that approximately correspond to 10 to 160 PM). Racemic verapamil hydrochloride (Eisai Phar maceutical Co.) was dissolved in distilled water to make a stock solution (1 mg/ml).
Experimental protocol: After a 1 -hr equilibration period, control recordings of action potentials were made, and spontaneous dicharge rate was counted during the cessation of the constant pacing for 5 min. Then 7 fibers were superfused with the medium containing the lowest concentration of LPC (10 uM) for 35 min. The action potential recordings were made at an interval of 10 min, and spontaneous discharge rate was determined during the last 5 min. The LPC concentration of the superfusion Results Effects of verapamil on LPC-induced action potential changes: LPC produced concentration-dependent alterations in the action potential characteristics of canine Purkinje fibers (Fig. 1) . Exposure to LPC resulted in decreases in the maximal diastolic potential (MDP), maximum rate of rise of phase 0 (Vmax) and action potential amplitude (APA). Action potential duration at 50% repolarization (APD50) was significantly reduced by a high concentration (80 itM) of LPC. MDP reached more positive than -60 mV in two out of seven non -treated fibers after 40 IW, in four fibers after 80 itM and one after 160 i M LPC. A rapid decrease in the resting membrane potential was frequently observed during the cessation of the electrical stimulation. These electro physiological alterations were only partially reversed after a 30 min washout period, suggesting an irreversible membrane damage.
One hour superfusion with 3 /tM of verapamil resulted in significant reduction of APD50 (39.8±3.0%) and Vmax (17.9±4.4%) without any significant changes of MDP, APA and APD90. In the presence of verapamil, introduction of LPC produced further decreases in Vmax and APA, which were accompanied by a progressive decrease in MDP (Fig. 1) . The MDP reached more positive than -60 mV in three verapamil treated fibers after 20 /iM LPC, two after 40 /iM and another after 80 /iM LPC. There were no significant differences in LPC induced alterations of action potential parameters between non-treated and verapamil-treated fibers, except for a greater reduction of APA after 20 IeM LPC in verapamil-treated fibers.
Effect of verapamil on LPC-induced abnormal automaticity: Spontaneous dis charge rate at well-polarized membrane potentials prior to LPC superfusion was 16.1 ±11.2 beats per 5 min in non-treated fibers (Table 1 ). In three non-treated fibers, enhanced diastolic depolarization from relatively normal membrane potential (more negative than -70 mV) was observed after 20 to 80 ,cM LPC superfusion. Spontaneous activity arising from a reduced membrane potential (around -50 mV) consistently developed in all seven non-treated fibers after application of 20-160 /iM LPC. An example of such activity observed after 80 ;IM LPC in a fiber is shown in Fig. 2A . The spontaneous discharge rate at membrane potential less negative than -60 mV was 79.1±18.3 beats per 5 min (Table 1) .
Verapamil at a concentration of 3 iM consistently inhibited the appearance of LPC-induced spontaneous activity from low membrane potentials. Superfusion of verapamil insignificantly decreased spon taneous discharge rate at high membrane potentials from 13.5±9.2 to 4.7±3.9 beats per 5 min (Table 1 ). In the presence of verapamil, the spontaneous discharge rate at depolarized membrane potential after LPC was only 0.8±0.8 beats per 5 min, which was significantly different from non-treated fibers. At times, only electrotonic potentials around -50 mV were observed as shown in Fig . 2B .
With regard to diastolic depolarization from high membrane potentials (more negative than -70 mV), no appreciable enhancement was observed after LPC in verapamil-treated fibers. (Vdiff=VKE-V,,,) . Introduction of 160 pM LPC (indicated by the first arrow) produced parallel decreases in VKE and V,,,. The second arrow indicates the withdrawal of electrodes. The potentials for the calculation of intracellular potassium ion activities were obtained at 30 sec after the beginning of the first (control) and the second pause (after LPC). In this fiber, the second pause was extended to about 1 min until the achievement of steady membrane potential. by LPC. These considerations prompted us to examine the effect of LPC on intracellular potassium ion activity in canine Purkinje fibers. However, the present study revealed that LPC did not produce a sig nificant decrease in intracellular potassium ion activity, indicating that marked depolarization was not due to a decrease in potassium equilibrium potential. These results support the very recent study of Clarkson and Ten Eick (11). They showed that LPC failed to change the intracellular potassium ion activity in feline ventricular muscle and ascribed the LPC-induced depolarization to the reduction of time-independent potassium outward current. Even if potassium leakage occurred to some extent in Purkinje fibers, it might not be enough to explain the marked depolarization.
The LPC-induced electrophysiologicai alterations observed in this study such as decreases in maximum upstroke velocity, action potential amplitude and maximum diastolic potential are quite consistent with previous reports (2, 10). Recently, verapamil has been shown to prevent LPC-induced Ca" accumulation in cultured cardiac myocytes and may retard irreversible cell injury (12). However, in the present study, pretreatment with verapamil could not lessen the action potential changes induced by LPC. Instead, in the verapamil-treated fibers, action potential amplitude and maximum upstroke velocity tended to decrease at lower concen trations of LPC. Inhibitory action of verapamil on fast sodium current (13-15) might work synergistically. These findings are consonant with our previous isolated rabbit heart study (4), in which pretreatment with verapamil could not affect the LPC-induced conduction delay.
As reported by Corr et al. (2) and Arnsdorf and Sawicki (16), LPC induced spontaneous activity from low as well as high membrane potentials.
Spontaneous activity from depolarized membrane potentials, which is referred to as "abnormal automaticity" in the present study, has been observed in Purkinje fibers exposed to not only LPC, but also barium salts (17, 18), sodium-free, calcium-rich solutions (19) or depolarizing direct current pulses (20). Moreover, such abnormal automaticity is known to occur in partially depolarized Purkinje fibers on the endocardial border of the infarct zone (18, 21) . Although the precise ionic mechanisms involved in the abnormal automaticity has not been completely clarified, oscillation at low transmembrane voltage due to changes in the outward repolarizing current (22) and the slow responses (23) are suggested to be causal factors. In the present study, verapamil at a concentration of 3 iiM suppressed the appearance of the abnormal automaticity during LPC superfusion in canine Purkinje fibers. This finding is in line with a previous report that rhythmic automatic depolarizations evoked by long depolarizing pulse in Purkinje fibers was suppressed by verapamil (24). In the present study, slight leftward shifts of dose-response curves of LPC for Vmfla, APA 
